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In additionto its vasoconstrictorandaldosterone-stimulating
action,angiotensinIIalsodrivescellgrowthandreplicationinthe
cardiovascularsystem,whichmayresultin myocardialhypertro-
phy and hypertruphyor hyperplasiaof conduitand resistance
vessels in certainsubjects,Theseactionsare mediatedthrough
angiotensinII receptors(subtypeAT1),which activatethe G
protein,phospholipaseC, diacylglyceroland inositol trisphos-
phate pathway,to increase the expressionof certain proto-
oncogenes(c-jios,c-mycand c.jun)and growthfactors(platelet-
derivedgrowthfactor-A-chain,transformingrowthfactor-beta1
and basic fibroblastgrowthfactor).The cellularresponsesto
angiotensinII in vascularsmoothmusclehavebeen shownin
differenthypertensivevessels to be either hypertrophyalone,
hypertrophyandDNAsynthesiswithoutcelldivision(polyploidy)
or DNA synthesiswith cell division (hyperpiasia).In genetic
hypertension,the alteredstructureof small arteriesis due to
The controlof arterialbloodpressuredependson a complex
interactionofmanyfactors—neural,endocrineandmetabolic.
Neuroendocrinecomponentsmaintaina balancebetweenva-
soconstrictorandvasodilatorsubstances.Generally,hormonal
systems that are vasoconstrictorare also antinatriuretic,
whereasthosethat are vasodilatorare natriuretic.
Vasoconstrictorand antinatriureticsystemsinclude the
renin-angiotensinsystem,the sympathoadrenalsystem,endo-
thelin,vasopressin,thromboxaneand serotonin.Amongthe
vasodilatorandnatriureticagentsareatrialnatriureticpeptide,
prostaglandinE2 and 12 (prostaeyclin),the endothelium-
derivedrelaxingfactornitricoxide,the kallikrein-kininsystem
and dopamine.Clearly,thosesystemsthat are vasoconstrictor
and antinatriureticouldbe implicatedin the pathogenesisof
hypertension,and of those so identitled,the most solidevi-
dencesupportsa majorrolefortherenin-angiotensinsystemin
severalanimalmodelsof geneticand experimentalhyperten-
sionand in humanhypertension(l-6).
Recently,there has been an increasingawarenessof yet
anothercharacteristicthat seemsto be sharedbymanyof the
vasoconstrictor-antinatriuretichormones—namely,that they
may operate as growthfactors in the myocardiumand in
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eithercellularhyperplasiaor remodeling,whereasin renovascu-
Iarhypertensionthereis hypertrophyof vascularsmoothmuscle
cells. AngiotensinII also increasessynthesisof some matrix
components,activatesblood monocytesand is thrombogenic.
Angiotensin-convertingenzyme(ACE)inhibitorspreventor re-
versevascularhypertrophyinanimalmodelsofhypertension;this
seemsto be a class effect,sharedto someextentwith calcium
channelblockingagents,In humanhypertension,ACEinhibitors
reduce the increasedmedia/lumenratio of large and small
arteriesin hypertensionandincreasearterialcompliance.These
propertiesarealsosharedbyIosartan,thefirstof thenewclassof
angiotensinII receptor(ATJ antagonists.The clinicalimplica-
tions of these findingsneed to be testedthroughrigorousand
prospectiveclinicaltrials.
(JAm CoilCardiol1996;28:803-12)
vascularsmoothmuscle,affecting rowth-relatedgenesinsuch
a wayas to promotecellhyperplasiaor hypertrophy,or both.
At leastsomeofthevasodilator-natriuretichormoneshavethe
oppositeeffect,namely,theyinhibitcellularproliferativeand
growthprocesses.
Of all these systems,perhaps the most important,and
certainlythe mostintensivelystudied,is the renin-angiotensin
system.Its actionson resistancevesselsare complex:it actsas
an endocrinesystemand as a local tissuehormonalsystem
throughitsparacrineand autocrineeffects,and it is a neuro-
modulator,particularlyof sympatheticactionson vascular
smoothmuscle.
TheactionsofangiotensinII canberegardedasimmediate,
intermediateand longterm.AngiotensinII is a vasoconstric-
tor, increasingtotalperipheralvascularresistanceand thereby
increasingleftventricularafterload,intramyocardialwallten-
sionand myocardialoxygendemand(7).Throughits stimula-
tionof aldosteronerelease,angiotensinII is an antinatriuretic
and antidiureticagent. Its long-termaction is through the
regulationof the expressionof genesthat activateand drive
cellgrowthandreplicationin the cardiovascularsystem,which
mayresultin hypertrophyof themyocardiumandhypertrophy
or hyperplasiaof resistancevesselsin certainsubjects.
This reviewsummarizesseveral independentand com-
plementarylines of evidencesuggestingthat angiotensinII
stimulatesvascular hypertrophyor hyperplasiaand that
angiotensin-convertingenzyme(ACE) inhibitorsand angio-
tensin II receptor antagonistsare vasoprotector,which is
0735-1097/96/$15.00
PII SO735-1097(96)OO251-3
—
804 ROSENDORFF
ANGIOTENSINANDVASCULARHYPERTROPHY
JACCVol.28,No.4
October1996:803-12
AbbreviationsandAcronyms
ACE = angiotensin-convertinge zyme
bFGF = basicfibroblastgrowthfactor
DAG = 1,2-diaeylglycerol
IP3 = inositol ,4,5-trisphosphate
MAP = mitogen-activatedprotein
PDGF-A = platelet-derivedgrowthfactor-A-chain
PKC = proteinkinaseC
PLC = phospholipaseC
SHR = spontaneouslyhypertensiverat
TGF-betal = trmrsforminggrowthfactor-beta1
relatedto theirdirectantiproliferativeffects,antiatherogenic
propertiesand favorableeffectson arterialcompliance.
The Renin-Angiotensin System
Thecomponentsoftherenin-angiotensinsystemareangio-
tensinogen,renin, angiotensinI, ACE and angiotensinII
(Fig.1).
Angiotensinogenisa Iargeglobularproteinderivedmainly
from the pericentralzone of liverlobules(6). The glycopro-
teolyticenzymerenin cleavesa leucine–valinebond in the
N-terminalregionof human angiotensinogenor a leucine-
Ieucinebond in the angiotensinogensof other species,to
producethedecapeptideangiotensinI (6,8).Themajorsource
of reninis thejuxtaglomerularcellsof the afferentarterioleof
thekidney.Translationof reninmRNAintheseceflsproduces
pre-prorenin,whichin turn is convertedby the removalof a
singlepeptideandglycosylationto prorenin.Someproreninto
reninconversiontakesplacein the juxtaglomerularcells,and
both are secreted.However,proreninis the more abundant
circulatingformof renin,and the majorsiteof conversionof
proreninto reninisunknown(l). ProreninmRNAisexpressed
atverylowlevels(8)or isabsent(9)inbloodvessels,but there
is aviduptakeof proreninby vasculartissue,whichsuggests
thatbloodvesselsmaybe theprimarysiteofformationofrenin
from circulatingprorenin.An importantdebate in this area
relatesto whetherreninissynthesizedto anysignificantextent
in cardiovasculartissue or whether the renin in tissuesis
derivedentirelyfromplasmauptake.
Angiotensin-convertingenzyme is a dipeptidyl-carbo~-
peptidasethat convertsangiotensinI to angiotensinII, andalso
inactivatesbradykinin,a potentvasodilator.Althoughmostre-
searchinteresthasfocusedon the roleofACEin catalyzingthe
formationof angiotensinII, the inactivationof bradykininhas
beensu~estedasthereasonfora numberofphenomena.These
includeACEinhibitor-inducedcough(10)andtheroleofACE
inhibitorsinnormalizingendothelialfunctioninhypertensionand
atherosclerosis(11).Bradykinincanstimulatethereleaseofboth
vasodilatingprostaglandins(12)andnitricoxide(13,14).
Angiotensin-convertingenzymeisubiquitousandhasbeen
describedin nearlyallmammaliantissues.Thereis conflicting
evidenceregardingwhether vascularACE is increasedin
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Figure1. Pathwaysfor the synthesisof angiotensinII. A numberof
factorsmayaffectthe rate of generationof reninfromprorenin.The
cleavageofangiotensinI fromangiotensinogenappearstobeuniquely
renin dependent.The majormechanismof the conversionof angio-
tensinI to angiotensinII isthroughtheangiotensin-convertingenzyme
(ACE).However,non-ACEmechanismsmay also be involvedin
angiotensinII generationfromangiotensinI or directlyfromangio-
tensinogen.Angiotensin-convertingenzymeis a kininaseII and inac-
tivatesbradykinin.Bradykininmaystimulatenitricoxide(NO)synthe-
sisandreleasefromendothelialcells,aswellas the formationof the
vasodilatormetabolizesprostaglandins12 and E2 (PG12,PGE2).
CAGE= chymostatin-sensitiveangiotensinII generatingenzyme;
EDPAE= endothelium-derivedproreninactivatingenzyme;t-PA =
tissue-typeplasminogenactivator,(Modified,withpermission,from
Dzauet al. [19].)
experimentalhypertension.Somereportshave shownan in-
creaseof vascularACE in two-kidney,one-cliphypertensive
rats (15,16),but thishasnot been confirmedin the spontane-
ouslyhypertensiverat (SHR)(17,18).
Enzymaticpathwaysindependentof ACE havebeen de-
scribed,whichmaycontributeto thegenerationofangiotensin
II in many tissues, includingthe blood vesselwall (19).
AngiotensinII can be cleaveddirectlyfromangiotensinogen,
bypassingtheangiotensinI step,bycathepsinG andelastasein
neutrophils,by tissueplasminogenactivatorin vasculartissue
andbytonin(19,20).SeveralenzymesotherthanACEcanalso
generateangiotensinII fromangiotensinI in vitro.Theseare
tissueplasminogenactivator,tonin and cathepsinG (21,22).
Afso,a chymostatin-sensitiveangiotensinII generatingenzyme
hasbeendescribedin aortictissuefromthe dog,monkeyand
human(23),and chymasehasbeen foundin the heart (24).
Theimportanceofthesepathwaysremainsobscure.It isnot
knownwhetherthesenon-ACEpathwaysare presentin vivo,
nor whetherthey are activatedonlywhen the conventional
ACE pathwayis blocked.Manystudieshaveshownthat with
chronicACE inhibition,the angiotensinII levels,initially
undetectable,rise, suggestingeither incompleteACE inhibi-
tion or the activationof an alternate pathway (19). The
conceptof incompleteACE inhibitionis suggestedby the
findingthat ACE inhibitorsinduceexpressionof tissueACE
and increasetotaltissueand serumACE concentrations(25).
So far there is little or no experimentalevidencethat the
ACE-independentpathwayscontributesubstantiallyto angio-
tensinII biosynthesisor to vascularhypertrophy.
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Angiotensin II Receptors
The developmentof angiotensinII antagonistshas pro-
vidednewpharmacologictoolsfor the classificationof angio-
tensin II receptors.We now recognizetwo angiotensinII
receptorsubtypes-AT1andAT2(26,27).TheAT1receptors
are foundin vascularand manyother tissuesand are almost
certainlythe receptorsthat transduceangiotensinII–mediated
cardiovascularactions.
The AT2receptorsare more enigmatic.The AT2binding
sitesare muchmore abundantin fetal and neonatalthan in
adult tissue,suggestingsome role in development(28-32).
Localizationis mainlyin the brain (29-31). It is therefore
likelythat AT2receptorshavelittleor nothingto do withthe
acute cardiovascularactionsof angiotensinII. Also, as de-
scribedlater,mostifnot allof thegrowth-promotingeffectsof
angiotensinII on arteriesseemto be mediatedthroughAT1
receptors,althoughthereisa reportofinvolvementoftheAT2
isoformof the angiotensinII receptorin myointimalhyperpla-
sia after vascularinjury(33).However,expressionof AT2is
upregulatedin quiescentvascularsmoothmusclecells that
havebeen growthsuppressedbyserumdepletion;in contrast,
stimulationof growth by growth factors such as platelet-
derived growth factor, epidermalgrowth factor or serum
rapidlydownregulatesAT2(5,34).Theseresultssuggestthat
AT2receptorexpressionparallelsthe suppressionof vascular
smoothmusclecellgrowth,the reverseofAT1receptors.How
theseeffectsbalanceeachotherandhowthisbalanceis upset
in angiotensinII atherogenesisisa newandpotentiallyimpor-
tant area of research.
Angiotensin II: Signal Transduction in
Vascular Smooth Muscle Cells
Activationof the AT1receptorby angiotensinII sets in
motiona specificand linearsequenceof eventsthat are the
functionallinksbetweenthe membrane-boundreceptorand
intracellulareffecters-namely,the contractileproteinsand
the nuclear mechanismsof growth and proliferation(35)
(Fig.2).
Stimulationof theAT1receptorbyangiotensinII activates
a guaninenucleotide-bindingregulatoryprotein(G protein),
whichin turnactivatesphospholipaseC (PLC).Phospholipase
C catalyzesthe hydrolysisof the membranephospholipid
phosphatidylinositolbisphosphate,to producetwo important
intracellularmessengers,1,2-diaeylglycerol(DAG) and inosi-
tol l,4,5-trisphosphate(IPJ (36).The latter bindsto the IP3
receptoron the endoplasmicreticulumto mobilizeCa2+from
intracellularstores,whichactivatesCa2+-dependentshorten-
ingof the contractileproteinsof the cell(35).
TheproductionofDAGisbiphasic.Thereisan earlyphase
derived from activationof phosphoinositide-specificPLC,
whereasa later sustainedand largeraccumulationof DAGis
derivedfrom the phospholipaseD-catalyzedhydrolysisof
phosphatidylcholine.DiacylglycerolactivatesproteinkinaseC
(PKC)and ultimatelyNa+/H+exchange,leadingto intracel-
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Figure2. SignaltransductionpathwaysfortheangiotensinII receptor
(subtypeAT,). The receptor is coupledto a guaninenucleotide-
bindingregulatoryprotein(G protein),whichactivatesphospholipase
C (PLC).PhospholipaseCcatalyzesthehydrolysisofphosphatidylino-
sitol bisphosphate(PIPJ to inositol l,4,5-trisphosphate(IPJ and
1,2-diacylglycerol(DAG).Inositoll,4,5-trisphosphate,actingthrough
the IP3receptor(IP3R)on the endoplasmicreticulum,stimulatesthe
mobilizationCa2+fromintracellularstores,a processalsoaccelerated
bytheinfluxofCa2+throughvoltage-dependentCa2+channelsduring
activation(Caz+-dependentCa2+release).FreecytosolicCa2+has a
numberof actionsrelatingto contractilityand cell hypertrophyor
hyperplasia,possiblyrelated to protein kinase C (PKC), proto-
oncogenesuchasc-~osandmitogen-activatedprotein(MAP)kinase.
An alternativepathwayfor the formationof DAG is throughthe
hydrolysisofphosphatidylcholine(PC)byPLCorbyphospholipaseD
(PLD).PhospholipaseC formsDAGdirectly,but PLDhydrolysisof
PCproceedsbytheformationofphosphatidicacid(PA),whichisthen
convertedto DAGbythe actionof phosphatidicacidphosphohydro-
lase(PAP).1,2-DiacylglycerolactivatesPKC,whichinturnmayinduce
hypertrophyor hyperplasiathrougha numberof mechanisms,includ-
ing alkalinizationof the cytoplasm(Na+/H+ exchange),proto-
oncogenes(e.g.,c-~o.r)and MAPkinase.It has not definitelybeen
establishedthat the AT1receptordirectlyaffectsCa2+channelper-
meabilityor activatesPLD.
lularalkalinization.Both angiotensinII and other exogenous
activatorsofPKC,suchasphorbolesters,stimulatea sustained
contractionof vascularsmoothmuscletissue(37).Thus, the
contractileresponseto angiotensinII seemsto involvecalcium
mobilizationfromintracellularstores,rapid and transientby
meansof the IP3mechanism,and slowerand moresustained
bythe formationof DAGbyPLCand phospholipaseD.
The angiotensinII signaltransductionpathwaythat results
in growthor proliferationofvascularsmoothmuscleispoorly
defined.Activationof the PLC-PKC-Ca2+mobilizationpath-
way is associatedwith cell growth in many systems(38).
AngiotensinII activationof PKCin vascularsmoothmuscle
cellsleadsto increasedexpressionofc-jimandto stimulationof
mitogen-activatedprotein (MAP)kinases(39,40).Activation
of MAP kinasesis knownto inducethe phosphorylationof
nuclearproteins;thus, the PKC-MAPkinasepathwaycould
representa plausiblesignalingsystemlinkingangiotensin11
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activationof cell surface receptors to changesin nuclear
activity(41).
Thereare otherpossibilities,forwhichthereare tantalizing
snippetsof information.AngiotensinII also stimulatesa
PKC-independentyrosineprotein kinase,producingphos-
phorylationofseveralproteinsofundeterminedfunction(40).
AngiotensinII increasescytosolicpH in vascularsmooth
musclecellsthroughactivationoftheNa+/H+exchanger(42),
a commonresponseevokedby manymitogenicagents.Fur-
thermore,severalstudiesof culturedvascularsmoothmuscle
cellshaveshownthatangiotensinII stimulatesthe synthesisof
severalgrowthfactors:platelet-derivedgrowthfactor–A-chain
(PDGF-A),transforminggrowthfactor-beta1 (TGF-beta1)
and basic fibroblastgrowth factor (bFGF), suggestingan
indirect autocrinemechanismfor the growth responseof
vascularsmoothmuscleto angiotensinII (43-47).
Atherogenic Effects of Angiotensin II
Thecellularresponsesto angiotensinII invascularsmooth
musclehavebeenshownin differenthypertensivevesselsto be
either hypertrophyalone, hypertrophyand DNA synthesis
withoutcelldivision(polyploidy)or DNA synthesiswithcell
division(hyperplasia);whichone seems to depend on the
nature of the vascularsmoothmusclecell target (48). For
example,cellsfromnormotensiverats becomehypertrophied
whenincubatedwithangiotensinII (49,50),whereasangioten-
sin II inducesa proliferativeresponsein cells from SHRS
(45,51,52).The data fromwholeanimalstudies(i.e., animal
modelsof experimentalhypertension)are consistentwiththe
cell cultureresults.Hypertrophyof vascularsmoothmuscle
cellshas been reportedin renalhypertension(angiotensinII
dependent) (53) and angiotensinII-induced hypertension
(54).However,in geneticmodelsof hypertensionsuchas in
SHRS(55), in essentialhypertensionin humans(56)and in
transgenicrats containingthe ren-2mouserenin gene (57),
there are normal-sizedvascularsmoothmusclecells.Thus,in
genetichypertension,the alteredstructureof smallarteriesis
due to eithercellularhyperplasia,as in SHRS(55),or remod-
eling(redistributionof existingcells)(58),as in humanessen-
tialhypertensionand in transgenicrats.
Naftilanet al. (43)and Gibbonset al. (44)havepublished
evidencefor another interestinghypothesis.AngiotensinII-
treated vascularsmoothmusclecells in culture expressin-
creasedlevelsof PDGF-A,bFGF and TGF-beta1, aswellas
cause hypertrophyof the cells, as measuredby RNA and
proteinsynthesis,butnotproliferation.However,thepresence
of anti-TGF antibodymarkedlyenhances angiotensinII-
stimulatedDNAsynthesis(44).The ideais that theremaybe
a balancebetweenthe proliferativeeffectsof PDGF-Aand
bFGF and a proposedantiproliferativeactionof TGF-beta1,
as in hypertrophicvesselsin hypertension,whereasan imbal-
ance in favorof PDGF-Aand bFGF may result in cellular
hyperplasia,as is seenin vascularinjury(5,59).
In atherogenesis,thereare alsochangesin theextracellular
matrix,characterizedby increasesin the amountsof elastin,
collagenand glycosaminoglycans(60).Inflammatorycellsin-
vade the vesselwall and secrete cytokines,proteases and
growthfactors.There is endothelialdysfunction,with lossof
somevasodilatorcapacityand of the abilityto inhibitplatelet
aggregationand platelet and leukocyteadhesion.Vascular
smoothmusclecellsmigrateintothe subintimalspace,causing
thickeningof the wall and a reductionin the lumen area.
Limitationof vasodilatorcapacity,lipidand calciumdeposi-
tion, fibrosisand thrombosiscomplete the atherosclerotic
process.
AngiotensinII, likeendothelin-1,anotherpeptidevasocon-
strictor,has a profound effect on the compositionof the
extracellularmatrixofvascularsmoothmusclecells,including
effectson the synthesisand secretionof thrombospondin,
fibronectinandtenascin.Theseeffectsare linkedto theactivity
ofautocrinefeedbackloopsinvolvingcomplexinterrelation,as
yetundetermined,betweenangiotensinII, endothelin-1,TGF-
beta 1 and PDGF-A(61).
Very little is knownabout the molecularmechanismsby
whichvascularsmoothmusclecellmitogenssuchas angioten-
sin II regulate gene expressionto cause vascularsmooth
musclegrowthor proliferationinhypertensionandatheroscle-
rosis.These may includethe activationof proto-oncogenes
such as c-fos(62,63)or c-jun (64), a characteristicof many
mitogenicagents,of the enhancerelementactivatorprotein-1
(AP-1)(65)or of growthfactorssuchas PDGF-Aand bFGF
(43-47,59).Thesignaltransductionsystemthatlinksangioten-
sin II receptorsand proto-oncogenesor growth activation
almostcertainlyinvolvesthe phosphoinositidepathway,PKC
and intracellularcalciummobilization(39,66),and can be
blockedbyACE inhibition(67).
AngiotensinII activateshuman peripheralblood mono-
cytes, determinedby both the release of tumor necrosis
factor-alphafrommonoeytesandtheiradhesionto monolayer
of humanendothelialcells(68).Thisimpliesthat angiotensin
II is an importantcandidatestimulusfor the subendothelial
infiltrationofmonocytesobservedin atherogenesisandhyper-
tension.
It has also been suggestedthat angiotensinII promotes
thrombosis.AngiotensinII increasesplasminogenactivator
inhibitortype1 in rat aorticsmoothmusclecells(69)and in
humansinvivo(70).Thisraisesthepossibilitythat angiotensin
II isprothrombotic,withallof the implicationsfor thrombin-
related accelerationof atherosclerosis,and that ACE inhibi-
tors or angiotensinII antagonistsmayexert someprotective
effectthroughthismechanism.
Structural Effects of ACE Inhibitors
on Arteries
It hasbeen almosta quarterof a centurysinceBrunneret
al. (71)describedan epidemiologicassociationbetweenmea-
sured levelsof plasma renin activityand the incidenceof
myocardialinfarctionand strokein 219hypertensivepatients.
It wasthereforepostulatedthat angiotensinII mightactas an
—
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independentriskfactorand mayenhancethe riskof myocar-
dialinfarctionbyinducingvascularlesions.In 1991,Alderman
et al. (72)reportedthe resultsof a prospectivestudyof 1,717
patientswith mild to moderate hypertensionwith a mean
follow-upof 8.3 years.Again, there was a clear association
betweenplasmareninactivityandthe incidenceofmyocardial
infarction.
Thesetypesofstudieshaveservedto focusattentiononthe
roleof angiotensinII as a stimulusof bothmyocardialhyper-
trophyand neointimalproliferationin largerarteries.There
are manyreportsdemonstratingthat angiotensinII may be
implicatedin the pathogenesisof leftventricularhypertrophy
in a varietyof conditionsand that it isproatheroscleroticin a
varietyofanimalmodels.Theseeffectscanbe inhibitedoreven
reversedby ACE inhibitorsand by angiotensinII receptor
antagonists,and,in humans,ACE inhibitorshavea beneficial
effecton arterialwallthicknessand compliance.
In hypertensionthere are consistentand majorchangesin
the functionaland structuralpropertiesof arteries (73-76).
Thesemechanismsmayexplainthe increasein arterialresis-
tance and stiffnessduringhypertension.The mechanismsin-
clude 1) altered wall thickness,with medial hypertrophy,
myointimalproliferationand an increasein collagencontent;
2)increasedpassivestiffnessofthevesselwall,probablydueto
theincreaseincollagenandsmoothmusclemassofthearterial
wall;and 3) increasedactivevascularmuscletone, due to a
varietyof local and extrinsicmetabolicand neurohormonal
factors.
For example,two-kidney,one-clipGoldblatthypertensive
rats developedincreasedaorticimpedance,decreasedarterial
complianceand thickeningof thesevesselsowingto smooth
musclecell hypertrophy,all reversedby the ACE inhibitor
perindopril(77,78).Long-termtreatmentof SHRSbeforeand
afterbirthwithcaptoprilpreventedthe developmentofhyper-
tension,structuraland functionalalterationsof mesenteric
arteriesand cardiachypertrophy(79),Perindoprilcompletely
reversedthe aorticmedialhypertrophyand arterialstiffening
seen in two-kidney,one-cliprenovascularhypertensiverats,
characterizedbyincreasedrenin-angiotensinactivity,aswellas
in adultSHRS(80),in whichplasmalevelsof renin activity,
angiotensinII and renal renincontentare not differentfrom
normotensiveWistarKyotocontrolrats(81,82).Similarresults
werefoundwithcilazapril(83).
Is thepreventionofvascularhypertrophybyACEinhibitors
in animal models of hypertensionunique to this class of
antihypertensiveagents,or is it a nonspecificonsequenceof
bloodpressurereduction?Pure vasodi~atorssuch as hydral-
azine (whichincrease the plasma level of angiotensinII)
(84-86)donotpreventvesselwallthickeninginSHRS,despite
the normalizationof bloodpressure(87),andACE inhibition
hasbeenshownto bemoreeffectivethanothermechanismsof
bloodpressurelowering(beta-blockade,vasodilators)in de-
creasingvascularhypertrophy,despite similardecreasesin
bloodpressure(88).Not all investigatorshavebeen able to
confirmthis, however,Hajdu et al. (89) reported that both
cilazapriland hydralazinewere effectivein reducingvascular
hypertrophyin stroke-proneSHRS.
Chronichypertensionisaccompaniednotonlybyhypertro-
phy of the vesselwall,but alsoby a reductionof the vessel
wall’sexternaldiameter,both of whichresult in lumen en-
croachment,a processknown as remodeling.Indeed, it is
possibleto reducethe internaldiameterofvesselswithlittleor
no vascularhypertrophybyreducingthe externaldiameter.In
stroke-proneSHRS,cilazaprilbut not hydralazineincreased
internaland externaldiameters,whereashydralazinereduced
hypertrophy,but with little increasein the externaldiameter
(89).
Christensenet al. (90) approachedthe questionof the
specificityofACEinhibitorsin reducingvascularhypertrophy
or remodelingin a differentway.TheytreatedyoungSHRS(4
to 24weeksold)withfivedifferentdrugs:perindopril,capto-
pril,hydralazine,isradipineand metoprolol.At 24weeksthe
media/lumenratio wasreducedsignificantlyby use of perin-
dopril;somewhatbycaptopril,hydrakizineandisradipine;and
not at all by metoprolol.This may not mean very much,
however,becausethe bloodpressurevaluesat the end of the
treatmentperiodwereverydifferent,withthegreatestpressure
fall in the perindopril-treatedgroup. After withdrawalof
treatmentthe rats previouslytreatedwiththe ACE inhibitors
perindoprilandcaptoprilmaintaineda normalbloodpressure
and the improvedvascularstructure.In rats treatedwith the
otherdrugs,withdrawalof therapyresultedin a briskreturnof
bloodpressuresto previoushypertensivelevels,andthemedia/
lumenratio increasedin paralleI.
Do the variousACE inhibitorsdifferin their abilityto
prevent or reverse vascular hypertrophyor remodeling?
FrohlichandHorinaka(91)foundin SHRSandWistarKyoso
rats that sixACE inhibitors(captopril,CGS-16617,cilazapril,
enalapril,utibapriland quinapril)had similareffectson sys-
temichemodynamicvariables.However,there was consider-
ablevariabilityamongthe drugsin their abilityto affectleft
ventricularmassand performance,aswellas aortichypertro-
phy and distensibility.These differencescould reflect their
pharmacodynamic(e.g.,enzymeinhibition)and pharmacoki-
netic (e.g.,cellpenetration)actions,as wellas their different
efficacieson vascularsmoothmusclecellprocessesmediating
growthandproliferation.
Recently,it wasshownthat the ACE inhibitorperindopril,
in addition to inhibitingneointimal proliferation in the
balloon-injuredrabbit aorta, reduced the expressionof the
proto-oncogenesc-jun and c$m but not c-myc (92). This,
togetherwiththe soliddata linkingangiotensinII withproto-
oncogeneexpression,establishesa plausiblehypothesisthat
the inhibitionof proto-oncogeneexpressionunderlies the
vasoprotectiveactionof ACE inhibitorsin hypertension.
Therole,if any,of bradykininin the regressionofvascular
hypertrophybyACE inhibitorshas not been determined.An
obviousexperimentwouldbe to establishwhetherselective
bradykininB2receptorantagonists,suchasHOE 140,attenu-
ate the antihypertrophicactionof ACE inhibitors.One such
study(93)hasshownthat the beneficialeffectsof ramiprilon
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atherosclerosisin cholesterol-fedrabbitsand on neointimal
formationand vascularsmoothmusclecellproliferationand
migrationafterendothelialdenudationinratswasabolishedby
the use of HOE 140.A possiblemechansimof this effectis
bradykinin-inducedrelease, from endothelialcells,of nitric
oxide,whichisknownto havean antiproliferativeffect.
Angiotensin Inhibition and Vascular
Structure and Function in
Human Hypertension
Schitlrinet al. (94) recentlypublishedthe resultsof an
importantstudycomparingthe actionof the ACE inhibitor
cilazaprilwith the beta-blockeratenololadministeredfor 2
yearsto twogroupsofhypertensivepatients.Themediaflumen
ratiosof resistancevesselsweremeasureddirectlyfromsmall
subcutaneousarteriesobtainedbyglutealfatbiopsybeforeand
at theendofthe2-yearperiod.Cilazaprilnormalizedthe ratio,
althoughtherewasno changewithatenolol.Anotherstudyby
Thybo et al. (95), also using glutealbiopsy,showedthat
treatmentof hypertensivepatientsfor 12monthswithperin-
doprilresultedin an increasein smallarterydiameterand a
reductionin the ratioof mediathicknessflumendiameter,but
no changein the mediacross-sectionalarea, suggestingthat
the changewas due to “remodeling.”A posteriori,it would
seemthat glutealbiopsyis unlikelyto be morepopularthan
noninvasivemethods for studyingthis problem.However,
studiesin humansare severelylimitedby the relativelypoor
resolutionof noninvasivetechnologiesfor visualizingarterial
wallthickness,bytheunavailabilityofanynoninvasivemethod
for assessingthe morphologyof small arteries and, in the
physiologicdomain,byhavingto makeinferencesaboutmor-
phologyfrom estimatesof compliancefrom pulsedDoppler
flowmetryor ultrasoundechocardiographictrackingdevices.
Nevertheless,because the questions relating to drug-
inducedregressionof vascularhypertrophyare so important,
there havebeen severalstudiesof this type,despitemethod-
ologicproblems.Thesehaveusuallyinvolvedmeasurementof
vascularcompliance,occasionallywallthickness,in hyperten-
sive patients before and after a period of treatmentwith
antihypertensivedrugs.
Oneofthemostconsistentfindingsinhypertension,whatever
thestageofthediseaseor themethodor siteofmeasurement,is
a deereaseinarterialcompliance.Systemicarterialcomplianceis
diminishedin borderlinehypertensionwith a normalcardiac
output(but not in the subgroupwith a highcardiacoutput)
(96,97),in sustainedhypertensionin middle-agedpatients(98)
andinsystolichypertensioninolderpeople(99,100).Safaret al.
(101),Simonet al. (102,103)and Levensonet al. (104)first
demonstratedan increasein brachialarterydiameterandcom-
pliancein hypertensivepatientstreatedwiththeACEinhibitors
captopril,enalapriland fosinopril.They later showed,using
perindopril,that these actionswere not due simplyto flow-
dependentdilation,but involveda drug-relatedrelaxationof
arterialsmoothmuscle(105,106).
Becauseof the differencein loadingof elastinandcollagen
in the wallsof largearteries,the pressure–volumerelationin
thosevesselsis not linear (107).Thus,the pressure-diameter
curve(whichismeasured)and the pressure-compliancecurve
(whichis derived)are nonlinear;the higherthe pressure,the
lowerthe compliance.Therefore,all drugsthat lowerblood
pressureincreasecompliance,as a simplemechanicalconse-
quence of pressure reduction.However,some but not all
antihypertensivedrugs increase compliance by amounts
greaterthan can be predictedon the basisof their pressure-
loweringeffect.Thatisto say,thepressure-complianceurveis
shiftedupward.Essentially,thismeansthat all antihyperten-
sivedrugsreducearterialbloodpressurebyreducingarteriolar
resistance,but onlysomedilatelargearteriesas well.
Generally,ACEinhibitors(103-105,108)andcalciumchan-
nel blockers(109,110)improvelarge-arterycompliancein
hypertension,whereasthe thiazidediureticdrugs (104,108)
urapidil(111),ketanserin(112)and clonidine(113)do not.
One groupof investigators(114,115),usinga newhighpreci-
sionultrasounddevice,measuredradialarterycompliancein
normotensivesubjectsbefore and after 8 daysof treatment
withplacebo,atenolol,nitrendipineor lisinopril.Onlylisino-
prilshiftedthe compliance-pressurecurveupward.
An alternativeapproachto the assessmentof the resistance
ofsmallerprecapillaryresistancevesselshasbeenavailablefor
severaldecades(116).Thisapproachusesforearmand hand
venousocclusionplethysmographyto measuremaximalblood
flowafter ischemia,from whichforearmminimalresistance
can be calculated.Usingthistechnique,severalworkershave
describeddecreasesin minimalresistanceafter 6 monthsof
therapywithpindolol,captoprilor nitrendipine(117-119).In a
double-blind,randomized,parallelstudy,DahlofandHansson
(120)showedthatafter6monthsoftherapy,captoprilreduced
forearmminimalresistance,whereashydrochlorothiazidedid
not.
There have been far fewer studiesof the regressionof
vascularstructuralchangesthan of arterialcompliance.The
reason for this must be the relativelypoor resolutionand
sensitivityof the noninvasivemethods available,usually
B-modeultrasound,to measurewallthicknessin largearteries.
Nevertheless,a numberofstudiesareongoing.Onesuchstudy
is the PerindoprilRegressionof VascularThickeningEuro-
peanCommunityTrial(PROTECT),whichwillcompare,over
a 2-yearperiod,the effectivenessof perindoprilwith that of
hydrochlorothiazideon changesin the ultrasound-provenin-
crease in intimal-medialthicknessof the commoncarotid
arteryinyoungto middle-agedpatientswithmildto moderate
essentialhypertension(121).Anotherstudy,the PlaqueHy-
pertensionLipidLoweringItalianStudy(PHYLLIS),hasas a
stated objectivethe assessmentof the efficaeyof fosinopril
versushydrochlorothiazide,pravastatinversusdiet or fosino-
pril plus pravastatin,in slowingthe rate of progressionof
carotidarteryatherosclerosisin hypercholesterolemichyper-
tensivepatientsovera 3-yearperiod(122).
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Angiotensin II Receptor Antagonists
A majoradvancein antihypertensivedrugtherapyhasbeen
the developmentof nonpeptideangiotensinII receptorantag-
onists,ofwhichlosartan(DuP753)is the prototype.Losartan
isa competitiveantagonistoftheATI receptorsubtype,which
mediatesmostof the establishedactionsof angiotensinII in
thecardiovascularsystem.Themitogenicorgrowth-promoting
effectof angiotensin11seemsalso to be mediatedby ATI
receptorsand is blockedselectivelyby losartan at various
levels.Losartan,but not PD 123177,an AT2receptorantago-
nist,blockedangiotensinII-inducedDNAandproteinsynthe-
sis and intracellularCa2+ mobilizationin cultured aortic
smooth muscle cells from the rat (123). AngiotensinII-
inducedincreasesin cellsize,proteincontentand c-jiosinduc-
tionin culturedarterialsmoothmusclecellswereinhibitedby
losartanbut not by CGP 42112A,an AT2receptorblocker
(124).Losartan blocksangiotensinII stimulationof DNA
synthesis(125),C+OSexpression(126)andthephosphoinositide-
signalingsystem(127).
In intactanimals,resultswithlosartanhavebeenconsistent
withthosefromcellculture.Losartanadministeredto growing
SHRSfor 6weekscauseda reductionof aorticandmesenteric
medialcross-sectionalareas (128).Losartanbut not hydral-
azine reducedaortic and tail artery medialthicknessin 24-
weekoldSHRSafteronly2weeksof treatment(129).After10
weeks of treatment of 3-weekold SHRSwith losartan or
captopril,there wasa reductionin the mesentericresistance
arterymediaflumenratio (130).
In an interestingstudy,Morishitaet al. (131)transected
the human ACE gene into intact rat carotid arteries.An
increasein localACE activitywas associatedwith a parallel
increasein DNA synthesis,protein contentand wallflumen
ratio, all abolishedby the administrationof losartan.These
effectsof locallygeneratedangiotensinII, andtheirreversalby
losartan,occurredwithoutanychangesofcirculatingangioten-
sin II or arterialbloodpressure,supportingthe conceptthat
increasedautocrine/paracrineangiotensinII candirectlycause
vascularhypertrophy,independentof systemicfactors and
hemodynamiceffects.
Conclusions
It is clearthat someinterventionswillincreasecompliance
or reduce wall thicknessof large arteries, especiallyACE
inhibitors,calciumchannelblockersandlipid-loweringagents.
What is not clear is the significanceof these measurements.
Doescompliancetell us aboutwallthicknessdue to vascular
smoothmusclehypertrophyor a changein theelastin-collagen
matrix,or both?Are wallthicknesschangesdue to regression
of earlyatheroscleroticlesions,to remodelingof the hypertro-
phiedmedia,to a decreasein the sizeor numberof individual
smoothmusclecellsor to anycombinationof these?Towhat
extentdo thesechangesreflectthosethat mayor maynot be
occurringin smallerresistancearteriesand arterioles,beyond
the reachof conventionalultrasound?Last,andperhapsmost
important,canweextrapolatefromwallthicknessandcompli-
ance data obtainedfrom the brachialand commoncarotid
arteriesto the coronary,intracerebraland intrarenalarteries?
Put anotherway,are thesetherapy-inducedchangesin surro-
gate endpointsrelatedto positiveclinicaloutcomes?
There is no doubt that in hypertensivepatients blood
pressurereductiongreatlyreducesthe riskof strokeandrenal
failure,and substantiallyreducesthe riskof coronaryevents.
Thesedata were derivedfromverylargeclinicaltrialsusing
antihypertensivedrugs, mainlythiazidediureticsand beta-
adrenoceptorblockers,whichwenowknowhavelesseffecton
largearterycomplianceand morphologythanACE inhibitors
andcalciumchannelantagonists.Thecurrentinterestin these
neweragentsis based on the assumptionthat it is advanta-
geousto increasevascularcomplianceand reversevascular
(andleftventricular)hypertrophy,to a greaterextentthancan
be expectedon the basis of the blood pressurefall alone.
Althoughtheseare intuitivelyattractivepremises,there is no
experimentalproof,andmuchworkremainsto be donein this
area. The ultimatestudydesignis one that comparesrepre-
sentativesof the majorclassesof antihypertensiveagentsin a
large,long-term,randomized,double-blindtrial,withmortality
as the majorend point.One suchstudy,the Antihypertensive
and LipidLoweringTreatmentto PreventHeart AttackTrial
(ALLHAT),is alreadyunderway.
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